The hereditary human disease ataxia- At the cellular level the phenotype of AT cells is also complex. Cells are abnormally sensitive to killing by ionizing radiation and by x-ray-mimetic chemicals (4). In addition, inhibition of DNA synthesis observed in normal cells exposed to ionizing radiation is replaced by a radioresistant DNA synthesis mode and AT cells manifest reduced levels of DNA synthesis in the unirradiated state (5). AT cells show a block in the G2/M phase of the cell cycle after exposure to ionizing radiation (6, 7), and chromosomal instability is very characteristic (8, 9).
The hereditary disease ataxia-telangiectasia (AT) is characterized by a pleomorphic clinical presentation that includes cerebellar ataxia, permanent dilatation of small blood vessels (telangiectasia), and immunodeficiency (1, 2) . Approximately 35% of afflicted individuals develop malignancies, the majority of which are of the lymphoid system, including Hodgkin disease, non-Hodgkin lymphomas, and lymphocytic leukemia (3) .
At the cellular level the phenotype of AT cells is also complex. Cells are abnormally sensitive to killing by ionizing radiation and by x-ray-mimetic chemicals (4) . In addition, inhibition of DNA synthesis observed in normal cells exposed to ionizing radiation is replaced by a radioresistant DNA synthesis mode and AT cells manifest reduced levels of DNA synthesis in the unirradiated state (5) . AT cells show a block in the G2/M phase of the cell cycle after exposure to ionizing radiation (6, 7) , and chromosomal instability is very characteristic (8, 9) .
The disease has an autosomal recessive mode of inheritance (3) . Complementation of radioresistant DNA synthesis in heterodikaryons generated by fusion of fibroblast lines from different AT individuals suggests the existence of at least four genetic complementation groups for the classical form of the disease-designated AT-A, AT-C, AT-D, and AT-E (10). Two variant complementation groups have also been defined (10) . The AT-A gene has been mapped to the region 11q23 by linkage analysis of families assigned to genetic complementation group A (11) . In addition, the AT-C locus has been mapped to the region 11q22-23 by linkage analysis on a single Jewish-Moroccan family (12) . Linkage studies on mixtures of AT families from genetic complementation groups A, C, and E, as well as multiple unassigned families, do not provide evidence for the location of any AT genes outside the region 11q22-23 (11, 13, 14) . However, the numbers of families from group E are too small to provide unequivocal genetic mapping. Furthermore, none of these studies included families known to belong to complementation group D. Hence, at the present time it is not clear whether normal cells carry a single AT gene or multiple apparently linked genes.
The marked sensitivity ofAT cells to ionizing radiation and x-ray-mimetic chemicals offers a selectable phenotype for functional cloning of wild-type AT genes. However, transfection of total human genomic DNA into human cells presents special problems associated with the limited efficiency of stable integration and gene expression (15) (16) (17) . Hence, the isolation of stable radiation-resistant AT cell lines after transfection with total human genomic DNA has been unsuccessful (18) and no AT genes or gene products have yet been isolated.
As a prelude to developing alternative strategies for gene cloning, we have used the technique of microcell-mediated chromosome transfer (19) 
MATERIALS AND METHODS
Cell Lines and Growth Conditions. Two independently derived series of pooled mouse-human hybrid cells were used as the source of donor human chromosomes. One series of hybrids (LD) was constructed with normal human diploid cells containing neo-tagged chromosomes obtained from T. W. Glover (University of Michigan). The other series (VA) was derived from a simian virus 40 (SV40) immortalized human line (VA-neo) described previously (20) . In both cases, the hypoxanthine phosphoribosyltransferase-negative mouse line A9 was used to generate hybrids. The monochromosomal hybrid lines MCH556.1 and MCH912.1 carry cytogenetically normal human chromosomes 11 and 18, respec-tively (E.J.S., unpublished observations). Hybrid lines were grown in Eagle's minimal essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS), nonessential amino acids, and the antibiotic geneticin (G418) (400 ,ug/ml) to maintain selection for neo-tagged human chromosomes.
The SV40-transformed human cell line VA-neo was used as the wild-type control. The SV40-transformed AT cell line AT5BI (genetic complementation group D) was obtained from the Genetic Mutant Cell Repository (cell line GM5849). All cell lines were maintained in EMEM plus nonessential amino acids with 10% FBS, except for AT5BI cells, which required 15% FBS. AT lines carrying a neo-tagged human chromosome were grown as described above with the addition of G418 at 250 gg/ml.
Plasmids and DNA Probes. Probes D18S3, D18S5, and D18S14 were supplied by Uta Francke (Department of Genetics, Stanford University). Probe pWI-25 was a gift of Hunt Willard (Department of Genetics, Stanford University). BCL2 was obtained from Michael Cleary (Department of Pathology, Stanford University), and probes D18S6, YES1, and MBP were purchased from the American Type Culture Collection. A chromosome 18-specific phage A library was generously supplied by Dan Pinkel (Lawrence Livermore National Laboratory, Livermore, CA). Human-specific Alu and LINE1 PCR probes from the human-mouse hybrid cell line X31sub7 were constructed as described (21) , except that the probes were labeled with biotin by including biotin-dUTP during the PCR and by nick-translation after the reaction. Probes spanning the region llql4-llqter are identified in Table 1 .
Characterization of the Complementing Chromosome. Single human chromosomes in the hybrids X31sub7, MCH556.1, and MCH912.1 were identified by fluorescence in situ hybridization (25), using total human genomic DNA as a probe, and were analyzed cytogenetically by the GTW banding technique (26) . The presence of chromosome 18 in the hybrid X31sub7 was confirmed by fluorescence in situ hybridization using a chromosome 18-specific library. This was confirmed by fluorescence in situ hybridization to metaphase spreads of normal human female fibroblasts using Alu and LINE1 PCR probes as described (21) , and by Southern hybridization with 32P-labeled chromosome 18-specific probes. The presence of chromosome 11 material was demonstrated by fluorescence in situ hybridization using single copy chromosome 11-specific probes, and by Southern hybridization or PCR using chromosome 11-specific probes or primers. This was confirmed by fluorescence in situ hybridization using Alu and LINE1 PCR probes as described (21) .
Functional Complementation of AT Cells by MicrocellMediated Chromosome Transfer. The neo-tagged human chromosomes were transferred to recipient AT5BI cells by microcell-mediated chromosome transfer as described (19 (10) .
Cell Cycle Analysis. Exponentially growing cells were either mock irradiated or y-irradiated at a dose of 400 rad in serum-free medium at a concentration of 105 cells per ml. After incubation in growth medium for 12 hr, cells were fixed in 70% ethanol for 1 hr, stained with chromomycin as described (27) , and analyzed in an Epics model 753 fluorescence-activated cell sorter.
Rescue of the Complementing Chromosome. The complementing chromosome was rescued from the AT5BI cell line by fusion with mouse A9 cells. A mixture of equal numbers of the two cell lines was seeded in T150 flasks and after attachment the medium was removed and the cells were fused by addition of 50% polyethylene glycol for 2 min. Selection for whole cell hybrids was carried out in the presence of G418 (400 ,ug/ml) and ouabain (2 ,uM (Fig.  1) . We therefore used chronic treatment with low doses of streptonigrin to screen AT cells for phenotypic complementation.
Different pools of human-mouse hybrid lines carrying random neo-tagged human chromosomes were used for chromosome transfer to ATSBI cells. Recipient cells were se- lected for resistance to the antibiotic geneticin (G418) and were then screened for increased resistance to killing by streptonigrin. Transfer of human chromosomes from most hybrid pools had no effect on the streptonigrin sensitivity of AT5BI cells. After microcell-mediated transfer from a pool designated X31 (from the LD series of hybrids), G418-resistant (G418R) colonies showed enhanced resistance to streptonigrin at levels indistinguishable from the streptonigrin-resistant line VA-neo (Fig. 1) .
A clonal population of human-mouse hybrids (designated X31sub7) containing a single human chromosome was isolated from the X31 pool. The single human chromosome was readily distinguished from mouse chromosomes by G-11 staining and by in situ hybridization to metaphase spreads using total human genomic DNA as a probe (Fig. 2) . Transfer of G418 resistance to AT5BI cells from this hybrid was accompanied by resistance to streptonigrin in all cases. These cells also showed enhanced resistance to y-radiation and to bleomycin.
To without G418, 50%, 84%, and 81% of the cells, respectively, retained both the G418R and streptonigrin-resistant determinants. In the majority of cases in which resistance to streptonigrin was lost the G418R determinant cosegregated. No streptonigrin-resistant G418-sensitive segregants were detected. In some clones of X31sub7 maintained in culture for many months the human chromosome underwent duplication.
Complementation of Other Cellular Phenotypes. In view of the complex cellular phenotype of AT we investigated whether transfer of the single human chromosome was associated with complementation of other phenotypes in AT5BI cells. Consistent with the results of previous studies (5), we observed that unirradiated AT5BI cells carried out reduced levels of DNA synthesis relative to wild-type cells (Fig. 3) (6, 7) . Flow cytometry of fluorescent y-irradiated cells showed the wild-type population (VA-neo) to be distributed bimodally as 2n and 4n cells, reflecting the G1/S and G2/M stages of the cell cycle, respectively (Fig. 4) with a chromosome 18-specific library painted the entire human chromosome. The presence of chromosome 18 was further confirmed by Southern hybridization with DNA probes specific for both the p and q arms and for the centromere.
While this study was in progress it was reported that the sensitivity of AT-D cells to x-irradiation is complemented by microcell-mediated transfer of human chromosome 11 (28) . In view of these results and of the abnormal morphology of the complementing chromosome identified in our studies, we carried out independent transfers of cytogenetically normal human chromosome 11 and to y-rays. Comparable results were obtained after the transfer of a rearranged human chromosome previously shown to carry just the q arm of chromosome 11 (29) . Transfer of human chromosome 18 did not result in correction of these phenotypes. When the complementing chromosome was reisolated from complemented AT-D cells, it once again complemented streptonigrin and y-ray sensitivity.
These results confirm and extend the observation that the AT-D gene is located on human chromosome 11 and suggest that the complementing chromosome in the hybrid X31sub7 contains chromosome 11 material, which is not recognizable by conventional cytogenetics. Fluorescence in situ hybridization of normal human cells with human-specific Alu and LINE1 PCR probes derived from the hybrid X31sub7 yielded signals in chromosomes 18 and 11 (data not shown). In addition, discrete signals were detected by fluorescence in situ hybridization ofthe hybrid using DNA probes mapped to the region 11q22-23 (Table 1 and Fig. 5 ). This was confirmed by Southern hybridization and by PCR analysis (Table 1) . Hybridization reactions with llq probes located both proximal and distal to the region 11q22-23 were negative ( Table  1 ). The intensity of the signals obtained by in situ hybridization (Fig. 5) suggests that at least some of the translocated region of chromosome 11 might be amplified.
DISCUSSION
The increased sensitivity of AT cells to killing by selective DNA-damaging agents invites a molecular approach to the study of this disease, based on the cloning of AT genes by functional complementation. However, attempts to demonstrate stable complementation after transfection of immortalized AT cell lines with total human genomic DNA have not been successful (18 Table 1 ). Discrete fluorescence signals are present in both chromatids of the single human chromosome. The intensity of the hybridization signal shown here was similar when individual DNA probes were used, suggesting that this region of the rearranged chromosome might be amplified. more general problem associated with the limited efficiency of stable integration in immortalized human fibroblasts transfected with total human genomic DNA (15) (16) (17) (18) .
We and others have utilized the technique of microcellmediated chromosome transfer to investigate phenotypic complementation of cell lines from hereditary human diseases with defective cellular responses to DNA damage. Human chromosomes tagged with dominant selectable markers can be selected in recipient cells of interest and maintained in monochromosomal human-mouse hybrids (19) . Different single human chromosomes from repair-proficient cells complement both increased sensitivity to killing by ultraviolet radiation and defective excision repair of DNA in xeroderma pigmentosum cells from genetic complementation groups A (29-31), F (32), and D (R.A.S. and E.C.F., unpublished observations). This experimental system thus affords an alternative approach to exploring the molecular basis of diseases such as xeroderma pigmentosum and AT.
The observation that multiple mutant phenotypes of AT5BI cells were complemented after transfer of a single human chromosome supports the notion that they derive from a single genetic defect. Linkage studies on families from AT group A individuals have mapped the AT-A locus to the region 11q23 (11) . Additional linkage studies with families from genetic complementation groups A, C, and E, as well as uncharacterized AT families, are consistent with the notion that all AT genes map to this region (11) (12) (13) (14) . Our results using microcell-mediated chromosome transfer indicate that the AT-D locus is also located in the region 11q22-23 and hence support the contention that many, if not all, AT 
